To investigate the roles of the PTEN (phosphatase and tensin homologue deleted from chromosome 10)/PI3K (phosphoinositide 3-kinase) signalling pathway in vivo, we have generated a series of mutant mice with null or tissue-specific gene-targeted deletions of Pten. Here we present our investigations of Pten function in B cells and keratinocytes in mice. Mice with a B cell-specific mutation of Pten showed increased serum autoantibodies and elevated numbers of B1a cells. Among conventional B (B2) cells in mutant spleens, numbers of marginal zone B cells were significantly increased, while those of follicular B cells were reciprocally decreased. Immunoglobulin class switch recombination was defective and associated with impaired induction of activation-induced cytidine deaminase. Mice with a keratinocyte-specific mutation of Pten exhibited epidermal hyperplasia, hyperkeratosis and accelerated skin morphogenesis. Within 3 weeks of birth, 90% of these animals died of malnutrition, possibly caused by hyperkeratosis of the oesophageal epithelia. Surviving mutant mice developed spontaneous skin tumours within 8.5 months of birth, and chemical treatment accelerated the onset of tumours. Our data show that PTEN is an important regulator in B cells and keratinocytes.
Introduction
PTEN (phosphatase and tensin homologue deleted from chromosome 10) is a ubiquitously expressed tumour suppressor gene [1] . PTEN is mutated in human sporadic cancers of various tissues, and in hereditary cancer disorders such as Cowden disease [2, 3] .
PI3Ks (phosphoinositide 3-kinases) are evolutionarily conserved lipid kinases. Activation of PI3K occurs in response to the engagement of antigen receptors and numerous growth factors. PI3K signalling promotes cellular proliferation and survival, increases resistance to apoptosis, and enhances adhesion and migration. PI3K is regulated by PTEN, a multi-functional phosphatase whose lipid phosphatase activity is associated with tumour suppression. The major substrate of PTEN is PtdIns(3,4,5)P 3 [4] , a lipid molecule generated by the action of PI3K. PtdIns(3,4,5)P 3 activates the serine/threonine kinase Akt/PKB (protein kinase B) that is involved in anti-apoptosis, proliferation and oncogenesis. By dephosphorylating the D3 position of PtdIns(3,4,5)P 3 , PTEN negatively regulates the PI3K pathway and Akt/PKB activation, and thus tumorigenesis.
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Homozygosity for a null Pten mutation in mice leads to early embryonic lethality at approx. day 9.5 [5, 6] , precluding the functional analysis of Pten in adult organs. We therefore created a conditional mutant mouse strain in which the Pten gene is 'floxed' (Pten flox mice). We have previously crossed this strain to transgenic mice expressing Cre recombinase under the control of tissue-specific promoters to analyse the function of Pten in several cell types. For example, our analyses of T cell-specific Pten-deficient mice (tPten flox/flox mice) showed that Pten is an important regulator of T cell homoeostasis, oncogenesis and self-tolerance [7] . This paper describes our investigations of Pten function in B cells and keratinocytes.
Role of PTEN in B cells
B cells can be classified as either B1 or B2 cells. B1 cells are a small population found mainly in the pleural and peritoneal cavities. These cells are associated with the production of autoreactive antibodies. B2 cells are conventional mature B cells, which can be classified as either MZB (marginal zone B) cells or FOB (follicular B) cells. MZB cells reside in the spleen at the boundary between the red pulp and white pulp, while the more numerous FOB cells form the follicular structures of the secondary lymphoid organs. Since tPten flox/flox mice develop autoimmune disease, and PTEN mutations occur in human B cell malignancies, we examined cellular development, autoimmunity and oncogenesis in mice with a B cell-specific deletion of Pten [8] . These animals (bPten flox/flox mice) were generated by crossing Pten flox mice with CD19Cre transgenic mice [9] .
Total numbers of splenocytes, mesenteric lymph node cells and peritoneal cavity cells in bPten flox/flox mice were increased 2.0-, 1.9-and 5.5-fold respectively. There were no obvious differences in either the total number of bone marrow cells or numbers of pro-B or pre-B cells. The increase in peritoneal cavity B cell numbers was due to a 24-fold increase in CD5 dull B220 dull cells ( Figure 1A ). These cells had a surface marker profile of Mac1 low , CD21 − , CD23 − , HSA + , consistent with that of B1a cells. These cells were also increased 11-fold in the spleens of bPten flox/flox mice. We then investigated the number of B2 cells in the mutant spleen using flow cytometry and immunohistochemistry. As shown in Figure 1 (B), MZB cells were increased and FOB cells were decreased in both relative and absolute numbers. Pten-deficient B2 cells showed enhanced proliferation after stimulation by IgM, CD40, LPS (lipopolysaccharide) or phorbol 12,13-dibutyrate plus ionomycin, and enhanced resistance to apoptosis induced by IgM stimulation. Dammers et al. [10] have reported that MZB cells are derived from FOB cells by migration. We performed cell migration assays using the Transwell system and SDF-1α (stromal-cell-derived factor-1α). The migration of Pten-deficient B cells was much greater than that of controls (results not shown). Curiously, WT (wild-type) MZB cells were more mobile than WT FOB cells, but Pten-deficient FOB cells were much more mobile than mutant MZB cells (results not shown). We believe that the decrease in the FOB population in the mutant mice can be attributed to enhanced migration towards the MZB area. B cell-restricted Pten deficiency thus results in discrete alterations to the B1a, MZB and FOB subsets of B lymphocytes.
To determine whether the altered B cell populations in the mutant mice affected humoral immunity, we assessed serum immunoglobulin levels. Marked decreases in the levels of most IgG subclasses and in IgA were observed in bPten flox/flox mice, but serum IgM levels were elevated 4-fold over normal. We then examined humoral responses after immunization of bPten flox/flox mice with TD (thymusdependent) or TI (thymus-independent) antigens. Production of antigen-specific IgG in response to both TD and TI antigens was dramatically decreased in the mutant mice. Germinal centre formation in response to TD antigen was also severely impaired, perhaps due to the decreased numbers of FOB cells in the mutant spleen. The altered serum Ig profile prompted us to examine Ig class switching mechanisms in bPten flox/flox B cells using DC-PCR (digestion-circularization PCR) and reverse transcription-PCR. As shown in Figure 1(C) , µ-γ 1 DNA rearrangement and levels of Ig post-switch transcripts were profoundly reduced. Ig CSR (class switch recombination) is regulated by activation-induced cytidine deaminase, which has an RNA-editing function [11] . Expression of activationinduced cytidine deaminase was markedly decreased in bPten flox/flox mice ( Figure 1C ), suggesting that Pten function is indispensable for normal CSR. in (a, c, e, g ). 
Pten
+/+ mice develop autoimmune disease, and autoantibody-producing B1 cells are increased in bPten flox/flox mice. We therefore examined serum autoantibody levels in bPten flox/flox mice. Significantly greater amounts of IgM antibodies against single-stranded DNA were present, but amounts of IgG antibodies were not increased (results not shown). The CSR defect may partially offset any elevation of IgG autoantibody levels in the mutant mice. Although bPten flox/flox mice showed drastic changes in B cell subsets and impaired CSR, the animals appeared healthy throughout our study and achieved a normal lifespan. Neither autoimmunity nor tumorigenesis was observed.
Role of PTEN in keratinocytes
Several lines of evidence have suggested that the PTENregulated molecule Akt/PKB may be crucial for the onset of skin carcinogenesis: (1) the transplantation of keratinocytes overexpressing Akt/PKB results in highly aggressive skin tumours [12] ; (2) Akt/PKB activation is one of the first events during the chemical induction of skin tumours [12] ; (3) the onset of skin tumour formation in mice requires epidermal growth factor receptor and Akt/PKB signalling in addition to SOS/Ras/ERK (extracellular-signal-regulated kinase) signalling [13] ; and (4) Cowden disease in the skin includes characteristic defects such as trichilemmomas in the face papules, papillomatosis in the mucosal and cutaneous tissues, and hyperkeratosis in the acral region of the skin [14] . Cutaneous squamous cell carcinomas have also been associated with Cowden disease [15] . These findings prompted us to investigate the role of Pten in skin development and oncogenesis by crossing the Pten flox mice to Keratin5Cre [16] transgenic mice to generate K5CrePten flox/flox mice [17] . These mutants were of small size and had ruffled and shaggy coats, hyperplastic noses and lips, and a 'wrinkled bear' appearance ( Figure 2A ). Histological examination revealed that hyperkeratosis, hypergranulosis, epidermal hyperplasia and well developed sebaceous glands were present ( Figure 2B ). Precocious hair follicle morphogenesis was also observed. Besides their skin phenotype, K5CrePten flox/flox mice also showed hyperkeratosis in the oesophagus. This defect may have caused the observed malnutrition due to dysphagia, accounting for the deaths of 90% of the mutants during the lactation period. K5CrePten flox/flox mice which survived weaning (and their littermates) were monitored for the onset of skin tumours. Skin tumours appeared in 23% of heterozygotes and 100% of homozygotes within 9 months of birth. No tumours arose in WT littermates. The skin tumours in the mutants were mainly squamous papillomas, some of which became squamous cell carcinomas. Sebaceous carcinomas and adenocarcinomas of the sweat glands were also observed ( Figure 2C keratinocytes showed enhanced proliferation in response to treatment with epidermal growth factor, and increased resistance to apoptosis induced by UV-or γ -irradiation (results not shown). Moreover, both Akt/PKB and mitogenactivated protein kinase were abnormally activated in K5CrePten flox/flox keratinocytes (results not shown). Pten is thus an important regulator of normal development and of spontaneous and chemically induced oncogenesis in the skin. The K5CrePten flox/flox mice constitute a good model of the skin lesions characteristic of Cowden disease, and also a suitable model of skin carcinogenesis in general. In humans, PTEN mutations are rarely found in squamous cell carcinomas of the skin. However, our data suggest that the expression and/or function of PTEN and phospho-PTEN should be determined in human skin tumours.
Concluding remarks
To date, we have analysed the function of Pten in murine T cells [7] , B cells, keratinocytes, brain cells [18] , cardiomyocytes [19] and germ cells [20] . We continue to pursue our investigations of Pten functions in other tissues. We are also generating Pten/PI3K double mutant mice in order to determine which PI3K isoform is responsible for the phenotypes observed in Pten-deficient mice. Our hope is that our results may shed new light on pathways of human tumorigenesis and suggest new targets for rational drug design.
